Bak and Bax mediate apoptotic cell death by oligomerizing and forming a pore in the mitochondrial outer membrane. Both proteins anchor to the outer membrane via a C-terminal transmembrane domain, although its topology within the apoptotic pore is not known. Cysteine-scanning mutagenesis and hydrophilic labeling confirmed that in healthy mitochondria the Bak α9 segment traverses the outer membrane, with 11 central residues shielded from labeling. After pore formation those residues remained shielded, indicating that α9 does not line a pore. Bak (and Bax) activation allowed linkage of α9 to neighboring α9 segments, identifying an α9:α9 interface in Bak (and Bax) oligomers. Although the linkage pattern along α9 indicated a preferred packing surface, there was no evidence of a dimerization motif. Rather, the interface was invoked in part by Bak conformation change and in part by BH3:groove dimerization. The α9:α9 interaction may constitute a secondary interface in Bak oligomers, as it could link BH3:groove dimers to high-order oligomers. Moreover, as high-order oligomers were generated when α9:α9 linkage in the membrane was combined with α6:α6 linkage on the membrane surface, the α6-α9 region in oligomerized Bak is flexible. These findings provide the first view of Bak carboxy terminus (C terminus) membrane topology within the apoptotic pore.
although recent studies indicate that they lie in-plane on the membrane surface, with the hydrophobic α5 sandwiched between the membrane and a BH3:groove dimer interface. 7, [21] [22] [23] The dimers can be linked via cysteine residues placed in α6, 18, 24, 25 and more recently via cysteine residues in either α3 or α5, 6, 21 allowing detection of the higherorder oligomers associated with pore formation. 26, 27 However, whether these interactions are required for high-order oligomers and pore formation remains unclear. Like most Bcl-2 members, Bak and Bax are targeted to the MOM via a hydrophobic C-terminal region. The C terminus targets Bak to the MOM in healthy cells, 28 whereas the Bax C terminus is either exposed 29 or sequestered within the hydrophobic groove until apoptotic signals trigger Bax translocation. 5, 30, 31 The hydrophobic stretch is important, as substituting polar or charged residues decreased targeting of Bak and Bax. 10, 32 Mitochondrial targeting is also controlled by basic residues at the far C termini, [32] [33] [34] and by interaction with VDAC2 35, 36 via the Bak and Bax C termini. 37, 38 Retrotranslocation of Bak and Bax was also altered by swapping the C termini. 39 The membrane topology of the Bak and Bax C termini before and after apoptosis has not been examined directly, due in part to difficulty in reconstituting oligomers of full-length Bak in artificial membranes. Nor is it known whether the C termini contribute to pore formation by promoting oligomerization or disturbing the membrane. To address these questions synthetic peptides based on the Bak and Bax C termini have been studied in model membranes. The peptides adopt a predominantly α-helical secondary structure, [40] [41] [42] [43] with orientation affected by lipid composition. 42, 44, 45 The peptides could also permeabilize lipid vesicles, 41, 43, 46, 47 suggesting that the C termini in full-length Bak and Bax may contribute to pore formation.
Here we examined the membrane topology of the C termini within full-length Bak and Bax in the MOM, both before and after apoptotic pore formation. After pore formation the α9 helices of Bak (and of Bax) became juxtaposed but did not line the surface of a pore. The α9:α9 interaction occurred after Bak activation and conformation change, but was promoted by formation of BH3:groove dimers. Combining linkage at more than one interface indicated that the Bak α9:α9 interface can link BH3:groove dimers to high-order oligomers, and moreover, that the α6-α9 region is flexible in oligomerized Bak.
Results
Cysteine substitutions in α9 can hinder Bak insertion into the MOM, but only prior to Bak activation. To explore the membrane topology of the Bak C terminus, cysteine residues were introduced throughout the predicted α9 helix (I188-V205) (Figures 1a and b) using cysteine-null human Bak (C14S/C166S) as the template. When stably expressed in Bax −/− Bak −/− MEFs, 14 each variant expressed at levels similar to that of wild-type (wt) Bak, and retained proapoptotic function (Supplementary Figures S1a and b) , indicating that the substitutions were well tolerated. Substitution at certain positions reduced Bak targeting and insertion, as some Bak was evident in the cytosol (Figure 1b Thus, Bak activation enhances α9 membrane insertion, as observed for a semi-cytosolic Bak mutant 33 and for Bax. 48 Bak α9 traverses the MOM but does not line a pore following apoptosis. To identify α9 residues buried in the hydrophobic interior of the MOM, cysteine variants were labeled with the membrane-impermeable sulfhydryl reagent 4-acetamido-4ʹ-((iodoacetyl)amino)stilbene-2,2ʹ-disulfonic acid (IASD). 20, 23, 49 The two negative charges on IASD prevent its entry into hydrophobic regions, including membranes, protein interior and protein interfaces. 23 IASD efficiently labeled cysteine residues on the cytoplasmic side of the MOM (Figures 2a, e and g; G186C) . IASD also strongly labeled cysteine placed at the far C terminus (Figure 2a , BakGGCK), probably by passing through channels 20, 50 such as VDAC, which allows passage of metabolites up to 4000 Da. 51 Quantification of IASD labeling before and after tBid is shown in Figure 2b .
In the middle of α9, an 11-residue stretch (V191C-G201C) displayed limited IASD labeling (Figures 2a and b) , indicating burial in the MOM. Some of these residues were more labeled prior to tBid, consistent with a population having been peripherally attached (see Figure 1b) but inserting upon activation. At the proximal end of α9, four residues (G186C-L189C) were fully labeled before and after tBid. The next residue (N190C) was~50% labeled, placing it at the threshold of IASD accessibility. We expected to see a reciprocal gradient of IASD labeling at the α9 carboxy end as the helix exits the MOM and enters the intermembrane space. However, four consecutive residues (Q202C-V205C) showed~50% labeling before tBid (Figure 2a ), suggesting these residues may be non-helical. On the basis of the cysteine labeling data, Figure 2c illustrates the possible membrane topology of Bak α9 prior to activation.
After Bak activation and pore formation, four residues (Q202C-V205C) at the α9 carboxy terminus showed greater labeling (Figures 2a and b α9 to pore formation. As Supplementary Figure S2 illustrates, α9 may become shorter or IASD may penetrate further into the MOM inner leaflet. The labeling is not consistent with α9 positioning deeper in the membrane, or membrane thinning. Notably, as central residues of α9 did not label along one edge after tBid treatment, α9 does not line the Bak apoptotic pore.
An α9:α9 interface forms in oligomerized Bak and exhibits a distinctive cysteine linkage pattern. To test the proximity of α9 helices before and/or after Bak becomes activated, we used cysteine linkage (Figure 3a) . Assuming the cysteine in each Bak molecule would be co-planar within the MOM, if they are also adjacent to each other (~4 Å between β-carbons) they may form a disulfide bond after addition of the oxidant copper(II)(1,10-phenanthroline) 3 (CuPhe). 52 To link cysteine residues further apart, the chemical crosslinker bis-maleimidoethane (BMOE, spacer arm 8 Å) was used.
Prior to tBid treatment, there was no linkage of α9 cysteines using either CuPhe or BMOE (Figure 3a) , consistent with nonactivated Bak being distributed across the MOM surface. Some linkage to other MOM proteins was evident upon CuPhe treatment, particularly for V205C, and less so for G186C and P187C (Figure 3a) . Furthermore, different MOM proteins became linked to residues at either end of α9, consistent with α9 spanning the MOM.
After tBid treatment, linkage of several α9 residues was evident (Figure 3a) , showing for the first time that the α9 helices become juxtaposed during Bak oligomerization and pore formation. The degree of linkage by CuPhe varied for cysteine residues positioned throughout α9 (Figure 3a) , as illustrated on a model of the Bak C terminus (Figure 3b) . A similar linkage pattern was induced by BMOE (Figure 3a) , with some differences attributable to the greater length of the BMOE linker (8 Å) As the Bak C terminus is not present in the X-ray structure of Bak, 4 the Jpred-3 structure prediction server 69 was used to predict which residues are likely to adopt an α-helical geometry (I188-V205). The structure of α9 was modeled using the SyByL software. 70 The α-helix was then positioned in the membrane assuming that IASD is able to label cysteine side-chains 7.5 Å into the hydrocarbon core due to the distance between the charged (hydrophilic) and reactive (iodoacetamide) groups of IASD. 71 Assuming 1.5 Å per residue for the α-helical conformation, the 11 IASD-inaccessible residues (red) can span 15 Å in the center of the hydrocarbon bilayer. We cannot rule out that α9 adopts a 3 10 -helix configuration; 72 in this case, the TMD would extend~3 Å longer than an α-helix, changing the side-chain orientation on the α9 carboxy terminus, potentially beyond the confines of the membrane. The width of the hydrocarbon bilayer is represented as 30 Å Activated Bax also exhibits α9:α9 linkage with a distinctive cysteine linkage pattern. To test whether an α9:α9 interface also occurs in Bax after it becomes oligomerized, a single cysteine was placed at six positions in α9 of a mitochondrial form of Bax, S184L 53 ( Figure 3c ). Each variant was able to mediate apoptosis after etoposide, even the G179C variant which, as observed previously, 20 expressed at very low levels (Supplementary Figure S1c) . When membrane fractions were incubated with tBid, CuPhe was able to link α9 at two positions (I175C and α178C) (Figures 3c and d) . A similar linkage pattern was detectable in wt Bax in apoptotic cells (Supplementary Figure S3) . Thus, Bak oligomers and Bax oligomers both contain an α9:α9 interface, and both display a distinctive linkage pattern.
Extensions to the C-segment show greater linkage after Bak and Bax are activated. We also monitored C-terminal proximity as viewed from the intermembrane space by adding a cysteine residue to the C-segment (Figure 4a ). To encourage the extended C-segment to cross the membrane as normal, a basic residue (Lys) was incorporated as the terminal residue. This approach was successful, as the extensions did not impair Bak or Bax expression or function (Supplementary Figures S1d and e) .
Prior to tBid, only minor linkage between the Bak extensions was evident despite the flexible linker (GGSGG) and cysteine being 11 residues from α9 in the GGSGGCK variant ( Figure 4b ). The absence of linkage to other Bak molecules indicates that in healthy mitochondria the Bak α9 helices may not approach within 20-30 Å, even transiently. After tBid, each Bak extension could be linked by CuPhe (Figure 4b ). Extensions to Bax also showed strong linkage in membrane fractions after etoposide-induced apoptosis (Figure 4c ).
An α9:α9 association occurs in the absence of BH3: groove dimerization. To test whether the α9:α9 interface in G186C  P187C  I188C  L189C  N190C  V191C  L192C  V193C  V194C  L195C  G196C  V197C  V198C  L199C  L200C  G201C  Q202C  F203C  V204C  V205C  M71C /  K113C tBid CuPhe, nonreducing 5 highlighting residues (cyan) that can link to the equivalent residue in a neighboring activated BaxS184L molecule activated Bak occurs before or after BH3:groove dimer formation, we blocked the BH3:groove interface and asked whether α9:α9 linkage was also blocked. In one approach, membrane fractions were incubated with tBid in the presence of the 4B5 antibody that can capture the transiently exposed Bak BH3 domain. 14, 24 As expected, 4B5 blocked cytochrome c release mediated by each Bak variant, whereas the control antibody did not ( Figure 5 ). 4B5 also inhibited linkage at the BH3:groove and α6:α6 interfaces ( Figure 5 ), as seen previously. 14, 24 However, linkage at α9:α9 was largely unaffected ( Figure 5, top) , indicating that the α9 helices can come into proximity after Bak has undergone conformation change but before BH3:groove dimerization.
In a second approach, the BH3:groove interface was inhibited by mutating the Bak BH3 domain (I81T) or groove (F93S). As expected from our previous work, 14 these variants were deficient in mediating apoptosis (Supplementary Figure  S1f) . Moreover, when membrane fractions were incubated with tBid, linkage at the BH3:groove and α6:α6 interfaces was decreased by~50% (Supplementary Figure S4) . Linkage at α9:α9 was also partly inhibited, suggesting that BH3:groove dimerization can enhance the α9:α9 interface. Although neither approach completely blocked BH3:groove linkage, together they indicate that proximity of the α9 helices can occur after Bak activation, but may be promoted by BH3: groove dimerization.
An alternative C terminus in Bak can also be linked after oligomerization. To test the role of the Bak C-terminal sequence in driving the α9:α9 interface, the Bak C terminus was swapped with the C terminus of other tail-anchored proteins (Figure 6a ). The swaps were positioned after P187, as placing the Bax C terminus at this position had successfully maintained Bak localization and apoptotic function. 33 Swaps were generated from Bcl-2 and monoamine oxidase A (MOA), as they normally locate to the MOM, 54, 55 with BakBcl2 containing two extra residues (RK) used to enhance mitochondrial targeting. 55 Swaps were also generated from BNIP3 and glycophorin A, as their transmembrane domains (TMDs) contain known dimerization motifs (e.g., GxxxG), and the two proteins localize to the MOM and cell membrane, respectively. 56, 57 We also generated a glycophorin-like motif (GxxxG) in Bak α9 simply by reversing two residues to generate 196 GVVLG 201 . Finally, a C-terminal swap from Fis1 was examined, as the Fis1 C terminus could target Bak to mitochondria. 37 All chimeras contained the CK extension described in Figure 4 . Thus, these chimeras had the potential to identify a role for TMD dimerization domains in promoting Bak oligomerization and pore formation. In addition, we could identify chimeras that might mediate apoptosis without forming an α9:α9 interface.
Four chimeras (BakBcl2, BakBNIP3, BakGphA, BakMOA) showed low expression ( Figure 6b ) and/or poor localization to mitochondria (Figure 6c ), highlighting the role of the C terminus in Bak mitochondrial localization and stabilization. The dimerization domains in BakBNIP3 and BakGpHA were functional, as indicated by linked dimers in the membrane fraction even before treatment with tBid (Figure 6d ), although the very low protein levels precluded any conclusion on whether the dimerized C termini in those two variants might promote pore formation (Figures 6b-d) . Lack of cytochrome c release by BakBcl2 and BakMOA (Figure 6d ) may also be explained by low protein levels in the membrane fraction (Figure 6c) or by targeting to non-mitochondrial membranes. Unfortunately, the GxxxG motif in Bak α9 failed to dimerize the C termini before tBid (Figure 6d ). In summary, these five Bak variants provided little insight into whether an α9 dimerization domain might help drive pore formation.
Another chimera, BakFis1, did support pore formation as cells expressing BakFis1 died efficiently after etoposide treatment (Figure 6b) , and mitochondria expressing BakFis1 released cytochrome c in response to tBid (Figure 6d) . Notably, the C-segment in BakFis1 could also be linked after tBid treatment (Figure 6d) . Thus, the C terminus from Fis1 can substitute for that of Bak to allow both pore formation and a C-terminal interface.
An α9:α9 interface is distinct from the BH3:groove and α6:α6 interfaces. We next sought to understand the topology of the α9:α9 interface in relation to that of the BH3: groove interface. Previously, combining linkage at the Bak BH3:groove and α6:α6 interfaces generated higher-order oligomers, indicating the two interfaces are distinct and complementary. 24 We thus generated Bak variants with cysteines positioned at the α9:α9 interface and at interfaces on either side of the MOM: each retained pro-apoptotic function (Supplementary Figure S1g) . When cysteines in the BH3:groove and α9:α9 interfaces were combined, higherorder complexes were apparent, and the complexes were similar to those generated by α6:α6 linkage (MK/H164C) (Figure 7a ). Thus, as argued for the α6:α6 interface, 24 the α9: α9 interface is distinct from the BH3:groove interface, and can link the BH3:groove dimers (D 1 ) to higher-order oligomers.
Combining linkage at the α6:α6 and α9:α9 interfaces also generated higher-order oligomers (Figure 7b ), as did combining linkage at the C-segment (GGCK) with linkage at the BH3: groove or α6:α6 interfaces on the cytosolic side of the MOM, or with α9:α9 within the MOM (Figure 7c ). These findings indicate that in oligomerized Bak, the region encompassing α6 to the C-segment is flexible rather than constrained by tight proteinprotein interactions, as illustrated in Figure 7d .
Discussion
We examined the membrane topology of the Bak C-terminal latch (α6-α8) and TMD (α9) to help define the topology of Bak dimers and high-order oligomers in apoptotic pores. In addition, we examined whether the α9 helix (or the α9:α9 interface) might be necessary for the step of pore formation, as α9 appears to be the only region that traverses the MOM before and after pore formation, [21] [22] [23] and α9 peptides have been proposed to be membranolytic with antitumor activity. 43, 58 Thus, understanding α9 membrane topology may reveal novel insight for cancer therapy.
Bak α9 as a transmembrane domain. Cysteine labeling and linkage data were consistent with the Bak TMD being predominantly helical, and with that helix traversing the MOM. For example, 11 central residues were poorly labeled by IASD, consistent with the distance covered by a single span of the mitochondrial membrane. Moreover, residues at either end could link to other proteins present in the mitochondrial preparations. Structures of many MOM tail-anchored proteins including Bax, MOA, glycophorin A and BNIP3 show helical TMDs. 5, 57, 59, 60 The Bak TMD may, however, be non-helical at the carboxy terminus, as partial IASD labeling of four sequential residues is unlikely for a helical TMD. In model membranes, peptides based on the Bak and Bax C termini showed mixtures of secondary structure, 42, 44 and the Fis1 C terminus was disordered in NMR studies. 61 Thus, helicity of the TMD may not be necessary for any aspect of Bak function.
Our findings confirm the role of α9 in targeting Bak to mitochondria, as a decrease in α9 hydrophobicity produced by cysteine substitution caused a small decrease in Bak targeting and insertion. After Bak was activated, the peripheral α9 24 was also present (at 5 μg per 50 μl sample) during the incubation. Aliquots were assessed for cysteine linkage by CuPhe as in Figure 3a , or for cytochrome c release. Mx indicates an intramolecular cysteine disulfide bond (C14:C166) in nonactivated wt Bak. Data are representative of at least three independent experiments helices became inserted as shown for peripherally attached Bax 34, 48 and a semi-cytosolic Bak. 33 Insertion may be driven by activators binding the hydrophobic groove and releasing α9, but may be promoted by the membrane disturbance caused by collapse of activated Bak onto the MOM. 23 Somewhat surprisingly, Bak targeting and insertion could be severely affected by swapping the whole C terminus with that from other MOM tail-anchored proteins.
The Bak α9 TMD may not contribute directly to the pore structure. As protein pores and ion channels often have α-helices facing the pore lumen, 62, 63 the same may be the case for pores formed by Bak and Bax. Although the Bax α5 and α6 helices were thought to insert into and traverse the membrane after Bax activation, 20 recent evidence that these helices in activated Bak and Bax lie in-plane on the membrane surface 22, 23 leaves α9 as the only region likely to traverse the MOM either before or after apoptosis. Despite this, we found that Bak α9 did not line a pore, as IASD labeling did not increase along one side of the helix that would become accessible to IASD present within the pore lumen. Single amphipathic helices such as melittin can form relatively stable 'lipidic' pores, 64 and hydrophobic peptides based on Bak or Bax α9 can also permeabilize mitochondria (Supplementary Figures S5a and b ) 65 and vesicles. 41, 43, 46, 47 However, green fluorescent protein (GFP) fused to Bax or Bak α9 was not reported to kill cells, 28, 32, 34, 66 and we know of no instance in which a C-terminal transmembrane anchor in a full-length protein takes part directly in forming the pore. We note also that a Bak C terminus is not essential for the step of pore formation, as recombinant Bak with a hexahistidine tag in lieu of its C terminus can bind and permeabilize nickelincorporated liposomes. 22 In summary, direct contribution of the Bak C terminus to the pore structure is not yet apparent.
An α9:α9 'interface' forms in the Bak apoptotic pore and can link dimers to higher-order oligomers. An α9:α9 interface in Bak (and Bax) oligomers was demonstrated by linkage of the α9 helices after pore formation, consistent with very recent evidence of an α9:α9 interface in Bax oligomers, 29 and crosslinking. 67 A distinct cysteine linkage pattern along α9 was not due to a dimerization domain, but may be caused by a preferred packing surface between the helices and/or by limited rotation of α9 within oligomers. Linkage at Bak α9:α9 could link BH3:groove dimers to the higher-order oligomers that are associated with pore formation. 26, 27 The dimers can also be linked via cysteine residues placed in α6, 18, 24, 25 and more recently in α3 or α5, 6,21 suggesting a variety of dimer arrangements in the high-order complexes.
The Bak α9:α9 interface was not sufficient for cytochrome c release, consistent with BH3:groove dimerization being required for apoptosis.
14 It remains possible, however, that the α9:α9 interface disturbs the MOM in the same way that Bak α9 peptides do when permeabilizing liposomes 41, 42 or mitochondria (Supplementary Figure S5b) , but that small aggregates are not sufficient for permeabilization. For example, the number of TMDs that can co-localize will be limited by other Bak regions lying on the membrane surface (Figure 7d ). Attempts to block the Bak α9:α9 interface by expressing an mCherry-Bakα9 fusion protein were not successful, although the fusion protein may not have colocalized with Bak either before or after apoptosis (Supplementary Figures S5c-e) .
The α6-α9 region is flexible in the Bak pore. When Bak molecules were linked within the MOM bilayer (α9:α9) and on the cytosolic side (BH3:groove or α6:α6) or in the intermembrane space (C-segment:C-segment), higher-order complexes were observed in each case. This demonstrates not only that each of the 'interfaces' can be distinct, but that there is significant flexibility within this region. Thus, our data suggest that dimers of Bak may adopt the membrane topology illustrated in Figure 7d . For example, the α2-α5 core dimers of Bak (and of Bax) form a tight helical bundle in X-ray structures, 6, 7 confirmed by~100% linkage at the BH3:groove interfaces in mitochondria experiments (e.g., Figure 3a) . 14, 18 Those core dimers lie in-plane on the MOM surface, as suggested by hydrophobic residues on the bent planar surface of the structures, 6, 7 and more recently by IASD labeling of oligomeric Bak and oligomeric Bax in mitochondria experiments. 23 The α6-helix also lies in-plane, however, in contrast to IASD labeling of the BH3:groove interface, IASD could label all tested α6 residues except for those embedded in the MOM, 23 indicating that α6 does not engage in tight protein-protein interactions. Between α5 and α9, four loops potentially allow multiple conformations of α6-α9. In our experiments, flexibility of the α6-α9 region would allow Figure 7 The α9:α9 interface can be linked independently of other interfaces, indicating a flexible α6-α9 region in oligomerized Bak. (a) Linkage at both the BH3: groove and α9:α9 interfaces generates high-order oligomers. Membranes expressing Bak with one, two or three cysteine residues as indicated, were incubated without or with tBid prior to treatment with CuPhe. Samples were analyzed as in Figure 3a . Note that linkage at the BH3:groove interface was tested using the M71C/K113C (MK) variant, and that this dimer (D 1 ) runs slightly higher than dimers linked elsewhere (D 2 , see d below). Also note that trimers are absent due to complete linkage at the BH3: groove interface (for further details see Dewson et al. 24 ). Data are representative of at least three independent experiments. (b) Linkage at both the α6:α6 and α9:α9 interfaces generates high-order oligomers. Note that trimers are observed because linkage at both α6:α6 or α9:α9 is incomplete (lanes 1-4) . Samples were analyzed as in a. (c) Linkage at both the C-segment interface and α9:α9 interfaces generates high-order oligomers. Note that trimers are observed because linkage at both the C-segment interface and α9:α9 interfaces is incomplete (lanes 2-5). Samples were analyzed as in a. (d) Model of Bak dimers on the MOM surface illustrating the α9:α9 interface and the flexible α6-α9 region. Ribbon diagrams of the α2-α5 core dimer (4U2V), 6 the α6-α8 latch (from nonactivated Bak structure (2IMT), 4 and the Bak C terminus (see Figure 2c ) were assembled and placed on the MOM surface. The inplane positions of the α2-α5 core and α6 are based on recent biochemical and structural studies. 6, 21, 23 The α9 helix is seen end-on. Monomers of Bak α2-α9 are colored differently (green or gray) and certain linkages tested in a, b and c are shown as side chains (red). The N terminus (α1 helix and α1-α2 loop) is not included. The flexible α6-α9 region is indicated by the ability of α6:α6 linkage (e.g., H164C:H164C) and α9:α9 linkage (L199C:L199C) to link between α2-α5 core dimers. The α2-α5 core dimers can also link via H99C:H99C, 6 suggesting their end-to-end arrangement may occur in oligomers cysteine residues introduced in this region to come into close proximity, and be linked by CuPhe-induced disulfide bonds.
It remains unclear how dimers are arranged in high-order oligomers. The end-to-end arrangement of the dimerized α2-α5 core depicted in Figure 7d is consistent with linkage between either the α3 or α5 helices, 6, 21 but there may be several arrangements that may change as membrane disturbance progresses to pore formation and even beyond. Which (if any) of the reported 'interfaces' is required for the high-order oligomerization and pore formation also remains unclear.
Our findings are consistent with aspects of two very recent studies of Bax oligomerization, as both reported an α9:α9 interface in addition to an interface involving the BH3 domains (α2). 29, 67 Furthermore, the α6-α9 region in oligomerized Bax was found to be extended 29 and flexible. 67 Notably, Bleicken et al. 67 suggested the α9:α9 interaction 'within' dimers may be anti-parallel based on a model in which the α2-α5 core dimers position on the rim of the pore rather than facing the cytosol. Although our linkage studies and the FRET studies of Gahl et al. 29 show parallel interaction of the α9 helices, we may be detecting interactions 'between' dimers (as depicted in Figure 7d ) and not the interactions that might occur 'within' dimers.
In conclusion, flexibility of the α6-α9 region suggests that the arrangement of the α2-α5 core dimers, for example, by lining a pore or aggregating on the surface or both, will be key to how Bak and Bax destabilize the MOM to generate pores.
Materials and Methods
Bak constructs, retroviral infection and cell culture. To generate mutations in Bak, BaxS184L and Bax, PCR mutagenesis (primer sequences available on request) was performed on Cys-null Bak, BaxS184L or Bax and cloned into the pMX (internal ribosome entry site (IRES))-GFP retroviral vector, as described previously.
14 The constructs were retrovirally expressed in SV-40-transformed Bak
MEFs, and polyclonal populations of GFP-positive cells selected and cultured, as previously described. 14 To generate the TMD chimeras, DNA for each Bak construct was chemically synthesized (Life Technologies GeneArt Gene Synthesis, Carlsbad, CA, USA). In the case of BakBcl2, a native cysteine in the C terminus was also replaced with serine. Synthesized DNA was then cloned into the pMX-IRES-GFP construct for retroviral expression in cells.
Apoptotic activation of Bak and Bax in cells and in mitochondrial membrane fractions. To activate Bak or Bax in cells, MEFs were treated with etoposide (10 μM) for 24 h and cell death determined by uptake of propidium iodide (5 μg/ml) using flow cytometry (FACScan or FACSCalibur, BD Biosciences, San Jose, CA, USA). To activate Bak or BaxS184L in mitochondrial assays, mitochondria-enriched membrane fractions were first obtained by resuspending MEFs at 1 × 10 7 cells/ml in permeabilization buffer (20 mM HEPES/KOH pH 7.5, 100 mM sucrose, 2.5 mM MgCl 2 , 100 mM KCl, 0.025% digitonin and Complete protease inhibitors (Roche, Castle Hill, NSW, Australia)) and incubating on ice for 10 min. Membrane permeabilization was verified by uptake of trypan blue and cells were spun at 13 000 × g for 5 min. The resulting membrane fractions, with or without cytosol fractions as indicated, were then incubated with thrombin-cleaved Bid (tBid, 100 nM) for 30 min at 30°C, as described previously.
14 To measure cytochrome c release, samples were centrifuged at 13 000 × g for 5 min and the supernatant (S/N) and pellet fractions were analyzed by immunoblotting.
IASD labeling and isoelectric focusing. To test whether each cysteine residue substituted in the Bak C termini was in a hydrophobic environment, membrane fractions were incubated with 10 mM IASD (Molecular Probes, Life Technologies), as described previously. 23 The 'before', 'during' and 'after' tBid incubations were conducted for 60 min each at 30°C, with IASD added at 30 min.
The 'during tBid' samples had tBid also added at 30 min, whereas the 'after tBid' samples had tBid added at 0 min. In the 'denatured' samples, untreated membrane fractions were solubilized with 1% ASB-16 (w/v) for 10 min at RT prior to IASD labeling. Labeling was quenched by adding 200 mM dithiothreitol and samples solubilized with 1% ASB-16 (w/v; Calbiochem, Billerica, MA, USA) for 10 min at RT. After centrifugation at 13 000 × g for 5 min, the S/N was combined with an equal volume of isoelectric focusing (IEF) sample buffer (7 M urea, 2 M thiourea, 2% CHAPS, Complete protease inhibitors, 4 μg/ml pepstatin A, 1% ASB-16 and 0.04% bromophenol blue) and loaded immediately onto Novex pH 3-7 IEF gels (Life Technologies). Gels were focused with increasing voltage (100 V for 1 h, 200 V for 1 h, 500 V for 30 min) powered by the Consort EV265 power pack (Consort, Turnhout, Belgium). Gels were then soaked for 5 min in SDS buffer (75 mM Tris/HCl, pH 6.8, 0.6% SDS, 15% glycerol) and transferred at 40 mA for 2.5 h to PVDF membranes, and immunoblotted as for SDS-polyacrylamide electrophoresis (PAGE).
Bak subcellular localization and membrane insertion. Bak subcellular localization was assessed as described previously.
14 Briefly, MEFs were washed in ice-cold PBS and resuspended in permeabilization buffer. After incubation on ice for 10 min, cells were centrifuged at 13 000 × g for 5 min to separate cytosol and membrane fractions.
To assess Bak membrane insertion, membrane fractions were further resuspended in 0.1 M Na 2 CO 3 (pH 11.5) and incubated on ice for 20 min. pH was neutralized with an equal volume of 0.1 M HCl and the sample incubated for 5 min before addition of 10 × nuclease buffer (400 mM Tris HCl, 100 mM MgSO 4 , 10 mM CaCl 2 ) and 1 unit of DNAase I (Promega, Sydney, NSW, Australia), and incubation at 37°C for a further 10 min. Samples were centrifuged at 13 000 × g for 10 min and S/N (peripheral) and pellet (inserted) fractions immunoblotted for Bak.
Immunoblotting. SDS-PAGE gels were transferred and immunoblotted for Bak using the rabbit polyclonal anti-Bak aa23-38 (Cat. #B5897, Sigma-Aldrich, Castle Hill, NSW, Australia). Other antibodies used were Rat monoclonal anti-Bax (Clone 49F9, generated in house by DCS Huang, WEHI, Parkville, VIC, Australia), 7 mouse monoclonal anti-cytochrome c (Clone 7H8.2C12; BD Biosciences Pharmingen, San Diego, CA, USA) and anti-HSP70 (Clone N6, gift from Drs R Anderson, Peter MacCallum Cancer Research Institute, Melbourne, VIC, Australia, and W Welch, University of California, San Francisco, CA, USA) antibodies. Horseradish peroxidase-conjugated anti-mouse (Cat. #1010-05, Southern Biotech, Birmingham, AL, USA), anti-rabbit (Cat. #4010-05, Southern Biotech) and anti-rat (Cat. #3010-05, Southern Biotech) IgG secondary antibodies were used. The proteins were detected using Luminata Forte western HRP substrate (WBLUF0500, Millipore, Billerica, MA, USA).
Cysteine linkage by disulfide bond formation or a chemical crosslinker. Cysteine linkage of Bak and BaxS184L in mitochondrial assays was assessed, as previously described.
14 Briefly, membrane fractions from digitonin-permeabilized MEFs were resuspended in crosslinking buffer (20 mM HEPES/KOH pH 7.5, 100 mM sucrose, 2.5 mM MgCl 2, 50 mM KCl) and incubated without or with 100 nM tBid for 30 min at 30°C. To induce disulfide bonds, membrane fractions were removed from the 30°C incubation to RT where the redox catalyst CuPhe was added to all samples, and the samples then moved to ice for 30 min.
14 The added CuPhe was a 100-fold dilution from a stock of 30 mM CuSO 4 and 100 mM 1,10-phenanthroline in 4 : 1 water/ethanol. 68 Oxidation by CuPhe was then quenched by adding 20 mM EDTA to chelate copper, and the samples analyzed by nonreducing SDS-PAGE and western blot. For chemical crosslinking of cysteine residues, membrane fractions were treated with the homobifunctional sulfhydryl-reactive crosslinker 1,6-bis-maleimidoethane (BMOE, 8 Å linker, Pierce, Thermo Fisher Scientific Inc., Rockford, IL, USA) at RT for 30 min. Crosslinking was quenched by addition of reducing sample buffer, and samples analyzed by reducing SDS-PAGE and western blot.
To assess Bax oligomerization in apoptotic cells, MEFs were treated with etoposide in the presence of the broad range caspase inhibitor Q-VD.oph (50 μM, Enzyme Systems, Livermore, CA, USA), followed by digitonin permeabilization. Cytosol and membrane fractions were separated by centrifugation at 13 000 × g for 5 min, and linkage performed as for BaxS184L. 18 
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